Introduction
============

Epidermal integrity relies upon the adhesion of epithelial cell sheets, which is mediated by multi-protein complexes called desmosomes (Brooke *et al*., [@b10]). Desmosomes contain plakoglobins and plakophilins, armadillo proteins including β-catenin (β-cat), and the transmembrane cadherin proteins desmogleins (DSGs) as well as desmocollins (Dusek *et al*., [@b19]; Desai *et al*., [@b17]). While anchoring epithelial cells together during homeostasis, desmosomes must also adjust to the changes needed for wound healing. Controlled weakening of desmosome junctions is required to allow transition of wound-edge keratinocytes from a hyper-adhesive to a migratory state (Wallis *et al*., [@b51]), which is characterized by the formation of leading-edge actin filament protrusions (Kira *et al*., [@b30]; Kirfel *et al*., [@b32]; Beaudry *et al*., [@b5]). Careful modulation of desmosome junctions is thus critical for effective wound healing, and there is substantial evidence that PKC has a role in regulating this process (Osada *et al*., [@b43]; Denning *et al*., [@b15]; Mascia *et al*., [@b37]). Activation of PKCα results in the translocation of desmosomal β-cat from the cell membrane to the cytoplasm (Wallis *et al*., [@b51]; Garrod *et al*., [@b23]). Alterations in the phosphorylation of desmosomal proteins including desmoplakin (DSP), resulting in impaired assembly of keratin intermediate filaments into desmosomes, have been linked to PKC α (Green and Simpson, [@b25]). Accordingly, the PKC α/β inhibitor Gö6976 promotes cell clustering and restores desmosome formation (Koivunen *et al*., [@b34]).

Alongside the regulation of desmosomes by PKC, GPCRs have also been recognized for their role in cellular processes such as cell migration (Cotton and Claing, [@b13]). The δ-opioid receptor (see Alexander *et al*., [@b2]), belonging to the family of GPCRs, has been reported to affect keratinocyte migration during wound healing (Bigliardi-Qi *et al*., [@b9]). Mice lacking δ-opioid receptors exhibit delayed wound healing and hypertrophic wound margins (Bigliardi-Qi *et al*., [@b9]; Bigliardi *et al*., [@b8]). While the importance of δ-opioid receptors is increasingly recognized, the mechanisms underlying its effects on keratinocytes are largely undefined.

In the work described here, the effect of δ-opioid receptors on the expression pattern of several proteins of the desmosomal junction complex and on the migratory behaviour of keratinocytes was examined. The endogenous δ-opioid receptor ligand Met-enkephalin (Met-Enk) was used to activate δ-opioid receptors, and the downstream signalling that mediates δ-opioid receptor-controlled migration was elucidated. Following δ-opioid receptor activation, marked changes in cell morphology of keratinocytes were observed. The data revealed that δ-opioid receptors profoundly affect intercellular adhesion and migration of human keratinocytes *in vitro*, which accounts for the delayed wound healing in δ-opioid receptor (DOPr)^--/--^ mice and enhanced wound recovery in human keratinocyte monolayers overexpressing δ-opioid receptors *in vitro.*

Methods
=======

Animals
-------

A total of four male δ-opioid receptor wild type (WT) and four male DOPr^--/--^ mice were tested in the experimental set-up. The use and generation of mice lacking δ-opioid receptors was as previously described (Filliol *et al*., [@b22]; Bigliardi-Qi *et al*., [@b9]). Mice were fully backcrossed in a pure C56BL/6J genetic background. All animals used were originated from the same breeding series and were about 10 months old. Mice were housed 2--5 per cage in a temperature (21 ± 2°C) and humidity (55 ± 10%) controlled room with a 12 h light : 12 h dark cycle (lights on between 08:00 and 20:00 h). Food and water were available *ad libitum*. Mice were habituated to their new experimental environment in individual cages and handled for 10 days before starting the experiments. The mice were shaved over the rostral part of the back 8 days before the start of the experiment. Finally, the mice were killed and biopsies were taken and fixed in 4% formaldehyde. All experimental procedures and animal husbandry were conducted according to standard ethical guidelines (European Community Guidelines on the Care and Use of Laboratory Animals 86/609/EEC) and approved by the local ethical committee. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animal (Kilkenny *et al*., [@b29]; McGrath *et al*., [@b39]).

Antibodies
----------

The following antibodies were used: rabbit polyclonal anti-phospho-PKC α/β II (Thr^638/641^) (Cell Signaling, Singapore) and monoclonal mouse anti-α-tubulin (Sigma Aldrich, Singapore) were for immunoblotting. Mouse anti-β-cat antibody AA 571-781 (BD Transduction Laboratories, Singapore) was used for both immunoblot and immunofluorescence staining. Rabbit monoclonal anti-DSG1 \[(EPR6766(B)\] and rabbit polyclonal DSG4 (both Abcam, Singapore) were used for immunofluorescence staining in mouse tissue sections. Mouse monoclonal anti-DSP was kindly provided by D. Garrod, University of Manchester, UK (Parrish *et al*., [@b45]). Rabbit anti-GFP (Abcam) and mouse anti-integrin β1 antibody clone N29 (Chemicon, Billerica, MA, USA) were used for immunofluorescence in cells. Secondary antibodies for immunoblot were anti-rabbit IRDye 700DX and anti-mouse IRDye 800 (Rockland, Gilbertsville, PA, USA). Secondary antibodies for immunofluorescence include: goat anti-rabbit and goat anti-mouse conjugated to fluorophores Alexa Fluor 488 and Alexa Fluor 594 (Molecular Probes, Life Technologies, Singapore). Hoechst dye (Bisbenzimide H33258) was used for nuclear staining (Sigma-Aldrich, Lausanne, Switzerland). Fluorophore-conjugated Alexa Fluor 594 phalloidin (Molecular Probes, Life Technologies) was used to label F-actin and fluorophore-conjugated Alexa Fluor 647 wheat-germ agglutinin (Molecular Probes, Life Technologies) was used to label the plasma membrane.

Chemical reagents
-----------------

\[Methionine\]enkephalin (Met-Enk) was obtained from Sigma-Aldrich and dissolved in water to form a 1 mM stock solution. A concentration of 10 nM was used for drug treatment. Naltrindole (NTI) was obtained from Tocris Biosciences (Singapore) and dissolved in water at 25 mM.The final concentration used for drug treatment was10 μM. The PKC α/β inhibitor Gö6976 was obtained from Merck Chemicals (Singapore) in an anhydrous DMSO solution with a stock concentration of 0.5 mg·mL^--1^. The ERK inhibitor PD98059 was obtained from Promega (Singapore) and dissolved in DMSO to form a 20 mM stock solution. For the *in vitro* migration assay, both 50 ng·mL^--1^ Gö6976 and 20 μM PD98059 were added 15 min before drug treatment. For all other inhibition experiments, identical concentrations of Gö6976 and PD98059 were added 1 h before drug treatment. All of the control reactions were done with the same concentrations of DMSO as used in the drug treatments.

Cell culture
------------

Human skin keratinocytes N/-TERT-1 were obtained and cultured as described by the Rheinwald Laboratory (Dickson *et al*., [@b18]; Rheinwald *et al*., [@b48]). Keratinocytes were used at 80--90% confluence for all experiments except for viral transduction. Human 293Ta cells were used during lentiviral production as packaging cell line and were cultured in Gibco DMEM high glucose, GlutaMAX™ media with 10% FBS (JR Scientific, Woodland, CA, USA), 1% MEM non-essential amino acids (NEAA) solution and sodium pyruvate (Gibco, Life Technologies, Singapore).

Plasmid purification, transfection and viral transduction
---------------------------------------------------------

The open reading frame cDNA lentiviral vector for GFP-tagged δ-opioid receptors (pEZ-Lv122, GeneCopoeia, Rockville, MD, USA) was inoculated and purified using the standard protocol of the Qiagen Plasmid Maxi Kit (Singapore). 293Ta cells were transfected with 1.5 μg of purified δ-opioid receptor plasmid and 1 μg of human lentiviral packaging vectors (psPax, pMD2.G, a kind gift from C. Widmann) using Qiagen Effectene Transfection Reagent (Singapore), according to a standard protocol. Seventy-two hours post-transfection, supernatants containing viral recombinants were harvested, filtered and concentrated using Beckman Ultracentrifuge at 366.66 Hz for 2 h as described by Barde *et al*. ([@b3]). For viral titration N/TERT-1, target cells were transduced with a serial dilution of concentrated virus. After 72 h of incubation, cells were fixed and analysed by flow cytometry. The titre was calculated based on dilutions yielding 1--20% of GFP positive cells. For experiments, cells were transduced with 5 μL of virus stock (multiplicity of infection of 10) for 48 h and δ-opioid receptor overexpression confirmed by quantitative real-time (RT) PCR.

RNA extraction and RT PCR
-------------------------

Total RNA was extracted using RNeasy Kit (Qiagen) according to manufacturer\'s protocol. Total RNA (400 ng) was reverse transcribed into cDNA in a 10 μL reaction using PrimeScript RT Reagent Kit (Takara, Japan). The resulting cDNA was diluted to obtain a concentration of 20 ng·μL cDNA.

Quantitative RT PCR
-------------------

For the quantification of target genes, 100 ng of cDNA template per reaction was amplified in the presence of SYBR green master mix and specific QuantiTect primers for DSG1 and DSG4 (Qiagen). Amplification was measured by Stratagene Mx3005P. Target gene expression was normalized based on the values of the expression of RPL13A (forward primer 5′-CTC AAG GTC GTG CGT CTG AA −3′ and reverse primer 5′-TGG CTG TCA CTG CCT GGT ACT-3′). Quantification was performed using the comparative 2^-ΔΔCT^ Method. The experiment was repeated five times with similar results.

Immunoblotting
--------------

Cells were seeded in six-well plates and subjected to treatments as indicated in the figures before lysis in RIPA-like lysis buffer, comprising 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na~2~HPO~4~, 1.47 mM KH~2~PO~4~, 1% IGEPAL CA-630, 0.1% SDS, 0.5% sodium deoxycholic acid at pH 7.4, supplemented with 1 mM DTT, 1 mM PMSF, 10 mM Na~3~VO~4~ and 1× protease inhibitor (Roche Reference No. 11697498001). Cell lysates were quantified by use of the Bradford assay and analysed for protein expression by applying 50 μg of protein extract from each lysate. Blots were blocked for 1 h with 5% BSA. Specific primary antibodies were diluted at 1:1000 in TBS/0.1% Tween 20/5% BSA. IRDyes 700DX and 800 were used as secondary antibodies. Protein expressions were visualized and measured by LI-COR Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). Integrated intensity results from quantification were exported as Microsoft Excel template for calculations and relative PKC phosphorylation was calculated by normalization to the respective α-tubulin control.

Immunofluorescence staining
---------------------------

Mouse skin biopsies were fixed with 4% paraformaldehyde for 48 h, embedded in paraffin blocks and 7 μm sections obtained. Sections were deparaffinized in xylene, rehydrated in decreasing concentrations of ethanol, followed by heat-induced antigen retrieval at pH 6 for 20 min and subsequent cooling for 1 h. For immunocytochemistry, cells were seeded at low density on glass coverslips and incubated for 3--4 days. Upon harvest, cells were washed with PBS, fixed for 15 min in 4% paraformaldehyde, permeabilized with TBS/0.2% Triton-X and blocked for 1 h in TBS/10% goat serum (Dako, Singapore) at room temperature. For paraformaldehyde-fixed cells labelled for plasma membrane, Alexa Fluor 647-conjugated wheat germ agglutinin (WGA) was added at 1:200 for 10 min before permeabilization. Alexa Fluor 594-conjugated phalloidin was used at 1:100 dilution and incubated for 1 h at room temperature. All other specific primary antibodies were diluted at 1:100 in TBS/10% goat serum and incubated overnight at 4°C. All secondary antibodies were diluted in TBS/10% goat serum at 1:400 and incubated in the dark for 1 h at room temperature. Nuclei were counterstained using 1 μg·mL Hoechst dye in TBS for 5 min. Both skin sections and coverslips were mounted using Dako fluorescence mounting medium with samples imaged using a confocal microscope (Olympus Upright FV1000, Olympus, Tokyo, Japan).

Skin sections were captured using 20×/0.75 Plan Apo objectives, with optical sections of 1.1 μm thickness scanned through the z-plane. Images were taken from at least six random fields of each sample and quantified by ImageJ software (NIH, Bethesda, MD, USA). Labelled cells were imaged with both 60×/1.42 Plan Apo Oil and 100×/1.4 Plan Apo Oil objectives with optical sections of 0.45 μm scanned through the z-plane. For PKC inhibitor experiments, only XY-plane was taken. XZ-planes were obtained by using ortho-slicing function in IMARIS analysis software under IMB license (Bitplane, Zurich, Switzerland). Quantification of β1 integrin (ITGB1) was performed by measuring integrated intensity per field of view after average projection of z-stacks. β-cat staining was manually quantified by drawing a five-pixel thick line along the membranes measuring integrated intensity of sum-projected z-stacks. The obtained values from the ImageJ analysis were exported and statistically analysed using GraphPad Prism5 (GraphPad Software Inc., San Diego, CA, USA).

*In vitro* migration assay
--------------------------

In an attempt to create a clean wound gap between cells, Ibidi self-culture inserts (Ibidi, Martinsried, Germany) were used. About 20 000 cells were seeded on each side of the insert and incubated for 48 h. The cells were then placed at 37°C, 5% CO~2~, on a Nikon Eclipse TI microscope (Nikon, Tokyo, Japan). Images were acquired with a 10×/0.3 Plan Fluor phase contrast objective every 15 min for 9 h. The stage positions of each experiment condition were determined manually using MetaMorph and up to six different regions of interest were sequentially recorded during each experiment using an automated stage. Area of wound recovery at a fixed time point and area percentage of wound recovery over the total time course were analysed using ImageJ and exported as Microsoft Excel template for calculation. For normal drug treatments, cells were treated 5 min before imaging and 15 min prior for inhibitor experiments.

Data analysis
-------------

The results are expressed as mean ± SEM. Comparison between different treatment groups in the DSG1 qPCR was done using [anova]{.smallcaps} with Newman--Keuls *post hoc* test. Due to unequal variances between experimental groups, one representative experiment is shown. Migration assays and quantification of immunofluorescence staining were carried out using [anova]{.smallcaps} followed by Newman--Keuls *post hoc* test. Quantifications of phosphorylated PKCα were analysed using [anova]{.smallcaps} followed by Bonferroni *post hoc* test. A *P*-value ≤ 0.05 was considered statistically significant.

Results
=======

Levels of DSGs are inversely correlated with δ-opioid receptors
---------------------------------------------------------------

Sections of non-wounded epidermis from DOPr^--/--^ mice were analysed for DSG1 and DSG4 expression and localization. Image quantification of DSG staining in DOPr^--/--^ mice showed significantly more DSG1 and DSG4 expression in the epidermis than in WT animals (Figure [1](#fig01){ref-type="fig"}A,B). A complementary mRNA expression pattern was observed in δ-opioid receptor -GFP-overexpressing (δ-opioid receptor-OE) human N/TERT-1 keratinocytes after δ-opioid receptor activation by Met-Enk: DSG1 as well as DSG4 mRNA levels were repressed after Met-Enk addition as compared with GFP-expressing controls, but the DSG1 level was increased by addition of the specific δ-opioid receptor antagonist NTI (Figure [1](#fig01){ref-type="fig"}C), whereas the DSG4 level was further repressed by NTI. Together, these results suggest that δ-opioid receptor activation may affect desmosomal integrity by alterating the levels of desmosomal proteins.

![The δ-opioid receptor reduces the expression of desmogleins 1 and 4. (A) Representative images of DSG1 and DSG4 immnunofluorescence staining of non-wounded epidermis from WT and DOPr^--/--^ mice. Scale bar 20 μm. (B) Quantification of DSG1 and DSG4 fluorescence intensity at the epidermis (region of interest). Results are represented as mean ± SEM of 4 mice per group and 5 images per individual mouse (*n* = 20). (c) Quantitative real-time PCR measured expression of DSG1 and DSG4 mRNA in DOPr-OE N/TERT-1 cells treated with Met-Enk for 12 h (+/− antagonist NTI 15 min prior to Met-Enk). Values are normalized to respective DMSO controls and represent the mean ± SEM of one representative experiment. One-way [anova]{.smallcaps} with Newman--Keuls *post hoc* test, \**P* ≤ 0.05.](bph0172-0501-f1){#fig01}

To further characterize changes in desmosome morphology control, δ-opioid receptor-OE cells were treated with Met-Enk for 12 h before immunofluorescence staining of the desmosomal plaque protein DSP was carried out. DSP in Met-Enk-treated δ-opioid receptor-OE cells appeared punctate at the cell periphery where cell-cell contact is weakened. In contrast, control cells showed linear arrays of DSP emanating from cell-cell border (Figure [2](#fig02){ref-type="fig"}), consistent with mature desmosome formation (Bass-Zubek *et al*., [@b4]). Additionally, β-cat staining was reduced at cell-cell borders of δ-opioid receptor-OE cells under all treatment conditions as compared with control cells ([Supporting Information Fig. S1C,D](#SD1){ref-type="supplementary-material"}). The quantity of β-cat protein was unchanged ([Supporting Information Fig. S1A,B](#SD1){ref-type="supplementary-material"}), indicating rather a redistribution of β-cat due to weakened cell-cell adhesion upon OE of δ-opioid receptors.

![The δ-opioid receptor (DOPr) system alters expression patterns of intercellular desmosomal plaque proteins in N/TERT-1 keratinocytes. Representative confocal images of Met-Enk-treated GFP control and DOPr-OE N/TERT-1 cells labelled with antibodies recognizing fluorescent tag GFP (green), DSP (red), with Hoechst 33258 nuclear counterstain (blue). Scale bar 20 μm. Lower panel: magnified image of indicated regions showing difference in DSP localization. White arrows indicate linear arrays of DSP labelling on the left panel, compared with punctate distribution on the right.](bph0172-0501-f2){#fig02}

The expression of β1 integrin is altered by activation of δ-opioid receptors
----------------------------------------------------------------------------

Cell motility is a product of changes in both the intracellular cytoskeleton and cell adhesion. Integrins mediate cell-substrate attachment and are associated with focal adhesion proteins, including the focal adhesion kinases. Mice lacking the ITGB1 subunit exhibit deficient epidermal integrity and skin blistering, suggesting a role for ITGB1 in wound healing. This led us to examine the effect of δ-opioid receptor -mediated signalling on ITGB1 in keratinocytes. Control and δ-opioid receptor-OE cells were treated for 1 h either with the endogenous δ-opioid receptor agonist Met-Enk or specific δ-opioid receptor antagonist NTI before analysis of ITGB1 expression. Activation of δ-opioid receptors by Met-Enk revealed an increased staining of ITGB1 mainly due to increased localization at the cell-matrix interface (Figure [3](#fig03){ref-type="fig"}A, XZ-plane, second row). Quantification of the overall intensity of ITGB1 staining shows a significant increase in ITGB1 in δ-opioid receptor-OE cells treated with Met-Enk as compared with vehicle control cells and GFP control cells. NTI partially blocked this increased expression (Figure [3](#fig03){ref-type="fig"}B). Furthermore, cell-cell adhesion was decreased in δ-opioid receptor-OE cells, resulting in reduced staining of ITGB1 at the cell membrane, which is visible in the XZ-plane images. NTI treatment reversed this δ-opioid receptor-mediated effect and increased cell-cell staining of ITGB1 (Figure [3](#fig03){ref-type="fig"}A, XZ-plane, third row).

![δ-opioid receptor (DOPr) activation causes changes in β1 integrin (ITGB1) expression and distribution that can be partially reversed by δ-opioid receptor antagonists. (A) Confocal images of Met-Enk-treated GFP control and DOPr-OE N/TERT-1 cells labelled with antibodies recognizing GFP fluorescence tag (green), and ITGB1 (red), with Hoechst 33258 nuclear counterstain (blue). Orthogonal slicing of XZ-plane images is shown. Scale bar 20 μm. (B) Quantification of ITGB1 integrated intensity per image from average z-projected images. The results are expressed as means ± SEM of two independent experiments with two images taken per condition. Statistical comparison was done by one-way [anova]{.smallcaps} with Newman--Keuls *post hoc* test. \**P* ≤ 0.05 and \*\**P* ≤ 0.01.](bph0172-0501-f3){#fig03}

Activation of the δ-opioid receptor increases the migration of keratinocytes and promotes *in vitro* wound healing through PKCα-dependent pathways
--------------------------------------------------------------------------------------------------------------------------------------------------

Loosening of intercellular adhesions and enhanced cell-matrix adhesion are required for cell motility (Pilcher *et al*., [@b47]; Gill and Parks, [@b24]; Wen *et al*., [@b53]). We performed *in vitro* scratch assays to examine whether loss of cell-cell contact through δ-opioid receptor activation enhanced keratinocyte migration. Control and δ-opioid receptor-OE cells were seeded into culture dishes with an inserted separation and grown to confluence. Removal of the inserted separation before imaging introduced a wound gap in the cell layer, and the area of the wound gap was recorded at 15 min intervals for 9 h. The results showed that, regardless of Met-Enk treatment, δ-opioid receptor-OE keratinocytes had significantly smaller areas of wound gap remaining (Figure [4](#fig04){ref-type="fig"}A,B), indicating an innately faster cell migration phenotype. An obvious difference in cell migration over time can be seen between control and δ-opioid receptor-OE cells (Figure [4](#fig04){ref-type="fig"}C), significantly as of 3 h migration. This demonstration of active migratory behaviour in δ-opioid receptor-OE keratinocytes confirms and provides functional evidence for δ-opioid receptor-mediated cell migration.

![Activation of δ-opioid receptors (DOPr) by Met-Enk enhances keratinocyte migration. (A) Time-lapse microscopy over 9 h of *in vitro* wound healing using GFP control and DOPr-OE N/TERT-1 cells. Panels show representative images of the keratinocyte monolayer at the gap, at 0 and 9 h post-wounding. Graphs depict quantified average area (B) of gap closure at 9 h (1 = 100% closure) and percentage (C) of gap closure (gap at time 0 = 100%) over time. Bar chart shows mean ± SEM (*n* = 11 fields of view from three independent experiments) for all groups (one-way [anova]{.smallcaps}, with Newman--Keuls multiple comparison test, \**P* ≤ 0.05 and \*\**P* ≤ 0.01).](bph0172-0501-f4){#fig04}

The involvement of classical PKC and ERK/MAPK pathways in cell migration is well established (Koivunen *et al*., [@b34]; Matsubayashi *et al*., [@b38]; Charbaji *et al*., [@b12]); however, initiation of PKC signalling by δ-opioid receptor activation influencing migration has not been extensively studied. Several isoenzymes of PKC with varying functions exist (Parker and Murray-Rust, [@b44]). Many studies have highlighted the involvement of PKCα/β in desmosomal adhesion (Wallis *et al*., [@b51]). As such, PKCα/β emerged as a good candidate to study the effect of cell migration attributed to a loss in intercellular adhesion. To investigate whether PKCα/β plays a role in δ-opioid receptor-mediated migration, we used the specific PKC inhibitor, Gö6976. Cells were pretreated with Gö6976 for 15 min before addition of the endogenous δ-opioid receptor ligand Met-Enk and monitoring of wound closure during 9 h of scratch-wound healing assay. The δ-opioid receptor-OE cells migrated faster than controls, (Figure [5](#fig05){ref-type="fig"}A, upper panel; Figure [5](#fig05){ref-type="fig"}B). Exposure to Gö6976 significantly impeded migration for both Met-Enk-treated control and δ-opioid receptor-OE cells (Figure [5](#fig05){ref-type="fig"}A, lower panel; Figure [5](#fig05){ref-type="fig"}B). Similar results were observed with the ERK inhibitor PD98059 ([Supporting Information Fig. S2A,B](#SD2){ref-type="supplementary-material"}).

![δ-opioid receptor (DOPr)-stimulated migration and accelerated *in vitro* wound healing require PKC α activation. (A) Time-lapse microscopy of *in vitro* wound healing using GFP control and DOPr-OE N/TERT-1 cells treated with Met-Enk and PKC α/β inhibitor Gö6976 (+/−). Representative images of the gap in the keratinocyte monolayer at the start of migration (0 h) and after 9 h. (B) Quantified average mean ± SEM of area wound closure (1 = 100%) for all groups from three independent experiments (one-way [anova]{.smallcaps}, with Newman--Keuls multiple comparison test, \*\**P* ≤ 0.05 and \*\**P* ≤ 0.01). (C) Immunolabelling of DSP (red) and plasma membrane marker WGA67 (grey) with Hoechst 33258 nuclear staining (blue) showed differences in cell clustering. Scale bar 20 μm. (D) Representative immunoblot and (E) graph showing increased phosphorylated PKCα/β expression in DOPr-OE N/TERT-1 cells (+Met-Enk) compared with GFP control cells. PKC phosphorylation was normalized to the respective tubulin expression. Graph shows mean ± SEM (*n* = 6 independent experiments) (two-way [anova]{.smallcaps} with Bonferroni *post hoc* test, \**P* ≤ 0.05).](bph0172-0501-f5){#fig05}

To affirm our observations that the difference in migration was due to changes in intercellular adhesion among cells upon PKCα/β activation in δ-opioid receptor-OE keratinocytes, we used Alexa Fluor 647-conjugated WGA647 to visualize the plasma membrane. As previously observed (Figures [2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}), δ-opioid receptor-OE cells exposed to Met-Enk displayed loosely organized cell-cell connection morphology with cytoplasmic DSP staining (Figure [5](#fig05){ref-type="fig"}C). However, 15 min pretreatment of δ-opioid receptor-OE cells with Gö6976 before Met-Enk treatment resulted in compact cell colonies with stronger cell-cell adhesion with DSP labelling showing tiny adherent junctions at neighbouring cell borders. A longer pretreatment of Gö6976 for 30 min resulted in the formation of robust interconnections between cells (Figure [5](#fig05){ref-type="fig"}C, lower panel), resembling those of mature desmosome formation. The cell-cell connections seemed to be stabilized by PKCα/β inhibition, and it is possible that this maintenance of strong cell-cell connections prolongs closure of the wound gap *in vitro*. This implies that activation of PKCα/β is a possible downstream signalling target of δ-opioid receptor activation. Immunoblotting analysis for PKCα/β phosphorylation over a time course of Met-Enk incubation showed significantly increased phosphorylation of PKCα/β in δ-opioid receptor-OE cells (Figure [5](#fig05){ref-type="fig"}D,E). At both 5 and 30 min, more phospho-PKCα is present in δ-opioid receptor-OE cells activated with Met-Enk as compared with control cells. This suggests that δ-opioid receptor-OE keratinocytes have an innately higher level of phosphorylated PKCα/β, correlating with their enhanced migration even when treated with vehicle DMSO only (Figure [4](#fig04){ref-type="fig"}A,B).

Overexpression of δ-opioid receptors in keratinocytes enhances formation of membrane protrusions
------------------------------------------------------------------------------------------------

The migratory phenotype of wound-edge keratinocytes is characterized by the formation of leading-edge actin filament protrusions (Abercrombie *et al*., [@b1]; Imamura *et al*., [@b27]; Deramaudt *et al*., [@b16]), and so we determined whether δ-opioid receptors also affect this process. Close examination highlighted the presence of fine protrusions around the free edge of δ-opioid receptor-OE keratinocytes, resembling filopodia or retraction fibres. Visualization of filamentous actin through live cell imaging ([Supporting Information Fig. S3A](#SD3){ref-type="supplementary-material"}) and the immunofluorescence labelling with Alexa Fluor 594-conjugated phalloidin revealed staining at the free edge of δ-opioid receptor-OE cells and that these cells possessed longer filamentous actin compared with controls (Figure [6](#fig06){ref-type="fig"}, first and second rows). Blocking δ-opioid receptor activation with the δ-opioid receptor antagonist NTI before the addition of Met-Enk had little or no effect on control cells (Figure [6](#fig06){ref-type="fig"}, third row from top), but profoundly inhibited the formation of membrane protrusions in δ-opioid receptor-OE cells (Figure [6](#fig06){ref-type="fig"}, third and fourth rows). Interestingly, these fine protrusions were found to leave behind trailing traces ([Supporting Information Fig. S3B](#SD3){ref-type="supplementary-material"}) near the cell-matrix surface. Together, these data led us to hypothesize that δ-opioid receptor expression enhances migration, at least in part, through promoting the formation of fine actin-containing protrusions.

![Morphological changes *in vitro* in δ-opioid receptor (DOPr)-OE (overexpressing) N/TERT-1 keratinocytes. Confocal images of GFP control and DOPr-OE N/TERT-1 cells labelled with anti-GFP antibody (green) and Alexa 594-conjugated phalloidin (grey). GFP control N/-TERT-1 cells generally do not display fine protrusions while obvious fine protrusions containing F-actin at the rear of DOPr-OE N/TERT-1 cells were observed (white arrows). Fewer protrusions were observed when DOPr N/TERT-1 cells were treated with DOPr antagonist NTI. Scale bar 10 μm.](bph0172-0501-f6){#fig06}

Discussion and conclusions
==========================

Opioid receptors in the nervous system are predominantly located at synapses (Olive *et al*., [@b42]; Kieffer and Evans, [@b28]), and we observed δ-opioid receptors in keratinocytes preferentially accumulating at cell junctions, which would similarly facilitate directed intercellular signal transmission. Much speculation has surrounded the functional role of opioidergic signalling in keratinocytes (Wolf *et al*., [@b54]; Kuchler *et al*., [@b35]); effects on migration and wound healing have been observed *in vitro* and in mice *in vivo* (Bigliardi *et al*., [@b7]; Bigliardi-Qi *et al*., [@b9]; Wolf *et al*., [@b54]; Dai *et al*., [@b14]), but the pathways leading to such effects have not been analysed. Here, we study δ-opioid receptor-mediated alterations in cell-cell adhesion as a first step in the wound healing process.

DSGs are the transmembrane-anchoring components of desmosomal cell-cell junctions, and we found that DSG1 and DSG4 proteins were significantly more abundant in non-wounded epidermis of DOPr^--/--^ mice compared with WT. Conversely, activation of the δ-opioid receptor results in reduced DSG expression, predicting loosening of cell-cell adhesion and so facilitating the change from stationary to migratory keratinocyte. Although both DSG1 and DSG4 are expressed at suprabasal epidermis, DSG4 is also strongly expressed in hair follicles (Kljuic *et al*., [@b33]). NTI seems to work as a more conventional antagonist in Met-Enk-regulated DSG1 expression, but not in Met-Enk-regulated DSG4 expression, which indicates additional regulatory mechanisms. Analysis of desmosomal plaque proteins revealed a redistribution of β-cat and DSP localization in δ-opioid receptor-activated cells, indicating reorganization of the desmosomal cell-cell adhesion complex in order to promote cell detachment and migration. In addition, the integrin-mediated focal adhesion complex was similarly influenced by the δ-opioid receptor. The connection between integrins and actins drives cell migration (Vicente-Manzanares *et al*., [@b50]), and ITGB1 in particular is thought to be important for keratinocyte migration (Kirfel *et al*., [@b31]; [@b32]). ITGB1 in δ-opioid receptor-OE cells activated by Met-Enk was increased in areas of cell-matrix adhesion. This suggests a connection of cytoskeleton and extracellular matrix mechanics to adhesion-dependent motility with the consequence of enhanced motility in δ-opioid receptor-activated cells. While the role of ITGB1 is more focused on cell-matrix adhesion, little is known about its involvement in cell-cell adhesion. Weitzman *et al*. ([@b52]) reported no direct evidence of cell-cell adhesion in cells expressing β1 subunits. However, Martinez-Rico *et al*. ([@b36]) demonstrated more recently some crosstalk between integrins and cadherins. We observed clear cell-cell border localization of ITGB1 in control keratinocytes, which was only replicated in δ-opioid receptor-OE keratinocytes in the presence of the δ-opioid receptor inhibitor NTI. δ-opioid receptor activation has previously been shown to be capable of triggering integrin signalling (Pello *et al*., [@b46]; Berg *et al*., [@b6]; Eisinger and Ammer, [@b20]; [@b21]) and could explain our observation of redistribution of ITGB1 to cell-matrix regions.

These profound changes in protein expression and redistribution of cell adhesion components following δ-opioid receptor activation predicted a strong migratory phenotype, and δ-opioid receptor signalling promoted keratinocyte migration and significantly accelerated wound healing *in vitro* (Figure [4](#fig04){ref-type="fig"}). Due to the short observation time of keratinocyte migration for 9 h, the enhancing effect of proliferation on wound healing can be ignored. Additionally, no increase in proliferation of δ-opioid receptor-OE cells as compared with control cells is observed (unpublished data). In order to better understand the underlying mechanisms of δ-opioid receptor-mediated effects on keratinocytes, we examined the PKC signalling pathway. We focused on the PKCα isoenzyme because Ng *et al*. ([@b41]) linked ITGB1 re-localization with that of activated PKCα; findings reminiscent of our observed re-localization due to δ-opioid receptor activation. This suggested the possibility of a common link with δ-opioid receptors. Indeed, δ-opioid receptor activation led to a higher level of phosphorylated PKCα, in parallel with cell detachment, while inhibition of PKCα activation markedly reduced cell detachment. Consequently, keratinocyte migration could successfully be manipulated with PKC inhibition, confirming that δ-opioid receptor-mediated migration is PKC-dependent.

The morphological changes in δ-opioid receptor-OE cells are indicative of a switch to a migratory keratinocyte phenotype. We observed fine protrusions through live cell imaging and in fixed confocal images. These protrusions were frequently seen near the cell matrix and sometimes left detaching trailing traces ([Supporting Information Fig. S3B](#SD3){ref-type="supplementary-material"}). Based on these collective observations, we propose that these protrusions are filopodia. Filopodia are dynamic structures of varying size, growth and retraction velocity (Husainy *et al*., [@b26]), whose main role is initiating migration. It has been shown that depletion of capping proteins resulted in a strongly increased formation of filopodia (Mejillano *et al*., [@b40]). δ-opioid receptor activation might be involved in the regulation of these proteins, therefore, influencing the cytoskeletal architecture. However, the phenotype variation makes definitive identification challenging, and further characterization of the observed fine protrusions in δ-opioid receptor-OE keratinocytes is required.

In summary, our results show that activation of δ-opioid receptors destabilizes intercellular adhesion and promotes the migratory keratinocyte phenotype, which is required for fast wound closure. These observations have clinical implications. The release of opioid peptides at wounding sites (Schafer, [@b49]; Cavallini and Casati, [@b11]) indicates a contributive role of the opioid receptor system to the earliest phases of wound healing in the seconds and minutes following injury. Our findings provide a mechanism by which peptide activation of the δ-opioid receptor induces mobilization of keratinocytes through promoting intercellular dissociation and altering the migration pattern of these skin cells. Understanding the role of opioids and specifically the role of the δ-opioid receptor system in wound healing will permit rational investigation of the optimal means by which to exploit the opioid receptor pathways for analgesia and improved wound healing in the clinic.
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###### 

**Figure S1** β-catenin distribution is affected by δ-opioid receptor (DOPr) expression. (a) Representative images of β-cat staining in δ-opioid receptor and control cells subjected to respective treatments. Prominent localization of β-cat at the membrane of control cells is observed while DOPr-OE cells show reduced membrane localization. (b) Manual quantification of cell-cell border staining after sum projection of z-stack images reveals significantly decreased staining in all DOPr-OE cultures regardless of drug treatment. (c) Immunoblot and (d) graph of quantification reveal no changes in β-catenin expression regardless of treatment as well as in both GFP control and DOPr overexpressing N/TERT-1s. Values shown are normalized values to loading control α-tubulin and then to the respective vehicle (DMSO) only control. Values represent the mean ± SEM of four independent N/TERT cultures (*n* = 4).

###### 

**Figure S2** δ-opioid receptor (DOPr)-stimulated migration and accelerated *in vitro* wound healing can be alternately influenced by ERK activation. (a) Time-lapse microscopy of *in vitro* wound healing using GFP control and DOPr-OE N/TERT-1 treated with Met-Enk and ERK 1/2 inhibitor PD98059 (+/−). Representative images of the gap in the keratinocyte monolayer at the start of migration (0 h) and after 6 h. (B) Quantified mean ± SEM of area wound closure (1 = 100%) for all groups.

###### 

**Figure S3** δ-opioid receptor (DOPr)-overexpressing N/TERTs exhibit dendritic-like protrusions. (a) Fluorescence time-lapse image of DOPr N/TERTs at basal state was taken at every 5 min interval for 1 h and viewed using pseudo-colour scheme to facilitate visualizations of the protrusion. (B) Representative confocal image at 100× magnification of DOPr-OE N/TERT-1 at basal state shows long and fine protrusions at the cell periphery. DOPr-OE N/TERT-1 was stained with anti-GFP antibody.
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